Background This study was designed to evaluate the prognostic value of symptom-limited maximal exercise treadmill testing with tomographic technetium-99m sestamibi (MIBI) myocardial imaging in patients referred for evaluation of stable angina. Exercise stress thallium-201 myocardial imaging provides prognostic information in coronary artery disease subsets including patients with stable chest pain. The prognostic value of exercise technetium-99m MIBI myocardial tomography has not been established.
Background This study was designed to evaluate the prognostic value of symptom-limited maximal exercise treadmill testing with tomographic technetium-99m sestamibi (MIBI) myocardial imaging in patients referred for evaluation of stable angina. Exercise stress thallium-201 myocardial imaging provides prognostic information in coronary artery disease subsets including patients with stable chest pain. The prognostic value of exercise technetium-99m MIBI myocardial tomography has not been established.
Methods and Results Of 548 consecutive patients with stable angina pectoris who underwent maximal exercise treadmill stress testing in combination with a same-day "rest-stress" tomographic technetium-99m MIBI myocardial imaging protocol, 521 patients were followed for 13±5 months to determine the univariate and multivariate variables associated with cardiac events and to define their cardiac event-free survival. Ten patients were lost to follow-up (98% complete), and 17 who had coronary revascularization within 6 months of testing were excluded. Major cardiac events occurred in 24 patients (9%) -nonfatal myocardial infarction in 11 and cardiac death in 13. Univariate Cox survival analysis demonstrated significant relative risk (RR) and 95% confidence intervals (CI) for exercise ST segment depression (RR=2.3; 95% CI, 1.0 to 5.3), an abnormal MIBI scan (RR=13.8; 95% CI, 1.9 to 102.3), and a reversible MIBI perfusion defect (RR=3.2; 95% CI, 1.4 to 7.5). Multivariate models demonstrated that both exercise E xercise treadmill testing provides important diagnostic and prognostic information in patients with known or suspected coronary artery disease.1,2 Addition of thallium-201 myocardial perfusion imaging has incremental value for the prognosis and diagnosis of coronary artery disease patients. The majority of exercise thallium-201 imaging studies identify patients with reversible defects as being at the greatest risk of later cardiac events. [3] [4] [5] [6] [7] [8] Unlike thallium-201 imaging, the prognostic value of tomographic technetium-99m sestamibi (MIBI) myocardial imaging has not been defined in subsets of patients with known or suspected coronary artery disease.
When used in combination with exercise stress testing, technetium-99m MIBI and thallium-201 have sim-MIBI perfusion abnormalities (RR= 11.9; 95% CI, 1.6 to 89.4) and reversible MIBI perfusion defects (RR=2.9; 95% CI, 1.2 to 7.0) had independent predictive value. During 1 year of follow-up, cardiac events occurred in only 0.5% of patients with normal MIBI scans compared with 7% of those with abnormal MIBI scans (P<.001). One-year, cardiac event-free survival was 92% in patients with reversible MIBI perfusion defects (P<.01 versus normal), 96% in patients with fixed defects (P<.01), and 93% in patients with combined reversible and fixed MIBI myocardial perfusion abnormalities (P<.02).
Conclusions As with exercise thallium-201 myocardial imaging, exercise stress technetium-99m MIBI myocardial tomography provides significant independent information concerning the subsequent risk of serious cardiac events (death, myocardial infarction) in patients with stable angina pectoris. The identification of MIBI perfusion abnormalities, in particular, the presence of reversible MIBI defects, was associated with reduced 1-year, event-free survival. The recognized imaging and radiotracer biokinetic differences between thallium-201 and MIBI do not appear to modulate the prognostic value associated with scintigraphic evidence of ischemic myocardial jeopardy in the stable angina population. (Circulation. 1994;89:615-622.)
Key Words * exercise * coronary disease * prognosis a angina ilar sensitivities and specificities for the diagnosis of coronary artery disease.9-'8 Although thallium-201 and technetium-99m MIBI are experimentally comparable myocardial perfusion tracers,1920 it is conceivable that the recognized differences in their in vivo biological properties and imaging characteristics11,21 could modify the predictive value of selected myocardial perfusion defect patterns for cardiac events. Specifically, the reversible MIBI perfusion defect may not be the prognostic equivalent of the "redistribution" phenomenon in thallium-201 imaging studies.
The purpose of this study was to assess the relative prognostic value of exercise stress with tomographic MIBI myocardial imaging and clinical risk variables in a large population of patients presenting for the evaluation of stable chest pain consistent with angina pectoris. Methods
Patients
The study population consisted of 548 consecutive patients with stable chest pain consistent with angina pectoris who were referred to the St Louis Veterans Affairs Medical Center between March 1991 and September 1992 for exercise testing and MIBI tomographic myocardial perfusion imaging. A total of 22 patients referred for testing who did not have a history of chest pain and those with unstable angina (n=95) or acute myocardial infarction c3 months before testing (n=48) were excluded from the study. Clinical information, including recognized risk factors for coronary artery disease, a history of previous myocardial infarction, coronary angiography, or coronary revascularization was obtained at the time of testing. The presence of any coronary stenosis of >50% luminal diameter reduction (as determined in at least two angiographic views) was noted and was considered to represent significant coronary artery disease. The presence of Q waves consistent with prior myocardial infarction on the pretest 12-lead ECG also was recorded.
Exercise MIBI Imaging Protocol
Exercise testing was done with the patient in the fasting state. All medications being taken by the patient were continued. Informed consent was obtained in all patients. MIBI scans were performed using a same-day, "rest-stress" protocol. 22 With the patient at rest, 8 mCi of MIBI (2-Methoxy-Isobutyl-Isonitrile) was injected intravenously. Sixty minutes later, single-photon computed emission tomography (SPECT) acquisition was done using a Siemens Orbiter-75 singleheaded SPECT gamma camera interfaced with a MaxDELTA computer. The imaging was carried out over a 1800 semicircular orbit. Data were acquired in a 64 x 64 matrix for 32 projections in a step-and-shoot format (30 seconds per stop). Image processing (transaxial reconstruction) was performed using both a ramp backprojection filter and a Butterworth filter (order of 5, cutoff frequency of 0.5 cycles/cm). Cartesian slice reconstruction was performed in both the long-axis (vertical and horizontal) and short-axis planes of the heart as 1-pixel-thick slices. All image sets were normalized to the maximal activity of the heart in that image set.
Approximately 60 minutes after completion of the rest study, a symptom-limited exercise stress test was performed. A Bruce protocol was used in 188 patients and a modified Balke protocol23 in 360. The heart rate and blood pressure were measured and a 12-lead ECG was obtained before exercise, at the end of each stage, and every 3 minutes for at least 6 minutes after exercise. The occurrence of chest pain and ST depression was assessed in all patients. In patients without ST abnormalities on their pretest 12-lead ECG, horizontal or downsloping ST depression >1 mm was considered to be diagnostic for myocardial ischemia. ST segment responses were not analyzed in patients receiving digoxin and those with left ventricular hypertrophy, left bundle branch block, or nonspecific ST repolarization abnormalities on the pretest ECG.2 One to two minutes before peak exercise stress was achieved, 22 mCi of MIBI was injected intravenously, and tomographic imaging was repeated 45 to 60 minutes later according to the same protocol.
All scans were reviewed by at least two experienced observers blinded to clinical data and the results of other tests. Final segmental interpretation of all scans was achieved by consensus. "Stress" images obtained after exercise testing were examined for the presence of perfusion defects and were compared with the "rest" images. Scans were initially characterized as "abnormal" or "normal," based on the presence or absence of any kind of perfusion defect. Defects that were present and unchanged on both stress and rest images were classified as being "fixed" in nature. If a defect seen on the stress images was absent or less prominent on the rest images, it was considered to be "reversible." Using a previously validated method,24 the presence of perfusion defects involving more than one vascular distribution (ie, "multivessel pattern") was also noted for each study. Isolated apical defects that were noncontiguous with adjacent abnormal segments were excluded from this analysis because of the reduced specificity of this finding. Assessment of contiguous anteroap-ical or inferoapical perfusion abnormalities was made in vertical long-axis tomographic cuts and was confirmed by analysis of the other orthogonal views.
Follow-up
Information regarding subsequent cardiac events, coronary angiography, or coronary revascularization was obtained by telephone contact, clinic visits, and/or by a retrospective review of medical records, including computerized hospital databases. The cardiac events analyzed were nonfatal myocardial infarction or death from a primary cardiac cause ("cardiac death"). Occurrence of an acute myocardial infarction was confirmed using standard clinical and ECG criteria and when total creatine kinase (CK) enzyme levels exceeded twice normal and CK-MB isoenzyme bands were positive. Cardiac death was defined as a death temporally associated with a known or suspected acute myocardial infarction, life-threatening arrhythmia, pulmonary edema, or unexpected death without an identified noncardiac cause. All patients without cardiac events were followed for at least 6 months. Follow-up was discontinued when a patient experienced a cardiac event or at the time of coronary revascularization (which was not counted as an event).
Statistical Methods
Comparison (two-tailed) of patients with and without cardiac events was performed with the Student's t test for continuous variables and Fisher's exact test for discrete variables. Differences of P<.05 were considered significant. Variables correlated with a cardiac event at a significance level of P<.10 by univariate analysis and selected variables with P=.10 to .2025,26 were further analyzed using stepwise logistic regression (Table 1 ). An "attributable risk" was calculated using an additive-multiplicative risk modeling approach27 shown in Table 2 . Relative risks and 95% confidence limits (Cox proportional hazards model) were also calculated for variables that were significant by univariate analysis (Table 3) 
Results

Follow-up Information
Follow-up was completed in 538 of the original 548 patients studied (98%). Of these 538 patients, 17 had early coronary revascularization within 6 months after exercise testing, which might have influenced the prognostic value of the exercise MIBI test compared with patients treated medically. As such, these patients were excluded from further analysis. None of these 17 patients sustained a major cardiac event before coronary revascularization.
The remaining 521 patients (98% men) constituted the final study group. During a mean follow-up interval of 13±5 months (range, 1 to 24 months) after exercise MIBI testing, 24 patients (9%) had a major cardiac event-nonfatal acute myocardial infarction in 11 and death from a cardiac cause in 13.
Coronary Angiography and Revascularization
In the final study group of 521 patients, 208 underwent coronary angiography, of which 190 (36%) had at least one significant (.50%) coronary stenosis. Of these patients, 131 of 190 (69%) had a coronary revascularization procedure before exercise MIBI imaging. Of the remaining 59 patients with nonrevascularized coronary artery disease, 19 (32%) had their coronary angiogra- .02
MIBI indicates technetium-99m sestamibi. In Model I, scintigraphic variable included "abnormal scan"; in Model 11, scintigraphic variables included were "reversible defect" and "fixed defect"; "abnormal scan" was excluded. phy performed >2 months before exercise MIBI imaging. The remaining 40 nonrevascularized patients with recent coronary angiography represented a minority of the 521-patient cohort (8%). These limited native coronary angiographic and heterogeneous revascularization data prevented a meaningful analysis of the diagnostic accuracy of exercise MIBI SPECT in this population. Eleven patients had coronary revascularization performed >6 months after exercise testing. None of these 11 patients had a major cardiac event before revascularization, and follow-up was terminated after successful coronary revascularization.
Clinical and Test Variables
Tables 4 and 5 compare clinical and testing variables in patients with and without cardiac events. A history of congestive heart failure, use of oral or topical nitrates, the presence of angiographic coronary artery disease documented by coronary angiography, and development of exercise-induced ischemic ST depression were all significantly more frequent in patients with cardiac events. Patients with cardiac events also achieved significantly lower peak systolic blood pressure and double product than those without cardiac events.
MIBI scintigraphic variables associated with increased cardiac event risk were an abnormal perfusion study (P<.0002) and the presence of a reversible myo-cardial MIBI perfusion defect (P<.005). The annualized incidences of cardiac events in patients with abnormal scans and those with reversible perfusion defects were 7% and 8%, respectively, compared with 0.5% in patients with normal MIBI scans. Fixed perfusion defects and MIBI scans with both reversible and fixed defects or perfusion defects with a multivessel distribu-tion24 were not associated with an increased risk of cardiac events by univariate analysis.
Independent Predictive Value of Clinical and Test Variables
The independent predictive value of selected variables was assessed by stepwise logistic regression analysis. In the first regression model, the only scintigraphic variable entered was the presence of an abnormal MIBI scan. In the second model, only the presence of a reversible or fixed perfusion defect was included. As shown in Table 1 , an abnormal MIBI scan, a reversible perfusion defect, and the peak double product achieved during exercise retained independent predictive value in these analyses (P<.05).
The relative risks of subsequent cardiac events associated with these variables were also calculated using the Cox proportional hazards method (Table 3) . By univariate analysis, the relative risks (RR) and 95% confidence intervals (CI) associated with an abnormal MIBI scan (RR=13.8; 95% CI, 1.9 to 102.3), a reversible perfusion defect (RR=3.2; 95% CI, 1.4 to 7.5), and ischemic ST segment depression (RR=2.3; 95% CI, 1.0 to 5.3) were all significant (P<.05). In separate multivariate analyses of clinical, exercise test, and scintigraphic variables, the relative risks associated with an abnormal MIBI scan and reversible defect were 11.9 (95% CI, 1.6 to 89.4) and 2.9 (95% CI, 1.2 to 7.0), respectively (P<.05). Survival Analysis Fig 1 compares the survival curves for occurrence of a cardiac event in patients with normal and abnormal MIBI scans during 18 months of follow-up. A normal scan was associated with a good prognosis over the follow-up period, with an overall cardiac event rate of 0.5%. Patients with abnormal scans had a cardiac event rate of 7% and had a significantly lower cardiac eventfree survival (P<.002). Survival curves of patients with normal scans were also compared with those with reversible, both reversible and fixed, and fixed MIBI perfusion defects (Fig 2) . With each myocardial perfusion defect type or pattern, event-free survival was significantly lower than in patients with a normal myocardial perfusion study. Survival did not differ according to the type of MIBI perfusion abnormality. (50) 2 (8) myocardial perfusion imaging compared 01. 32, 33 The sensitivity and specificity of myocardial imaging for assessing the presence of coronary artery disease are comparable to that of thallium-201.9-18 Thallium-201 is a myocardial perfusion agent with proven utility for assessing the risk of later cardiac events in patients with known or suspected coronary artery disease. 3 8 The current study is the first to provide comparable data regarding the prognostic value of exercise MIBI myocardial tomography in a large population of patients with stable chest pain compatible with angina pectoris.
Specifically, this study indicates that patients at greater risk for serious cardiac events (death, myocardial infarction) can be identified from a stable chest pain population by virtue of their clinical (history of congestive heart failure), exercise (ST depression .1 mm, peak rate-pressure product), and MIBI scintigraphic (reversible defect, abnormal scan) profile. As in previous thallium-201 studies with longer follow-up,3'6'34 patients with normal exercise MIBI SPECT study exhibited a very low (0.5%) annual event rate. Although derived using a distinctly different myocardial perfusion radiotracer, the 1-year cardiac event rate associated with an abnormal MIBI scan (7%) was strikingly similar to previous exercise thallium-201 imaging prognostic studies in stable chest pain patients from this'35 and other institutions3,634 (range, 3.4% to 12% per year).
Prognostic Value of a Reversible Perfusion Defect
The presence of a redistribution exercise thallium-201 perfusion defect is consistent with poststenotic myocardial ischemia.36 Previous reports using exercise stress testing,3-8,36-38 pharmacological testing with dipyr-idamole39-4 or adenosine,44 and rapid atrial pacing35 have determined that patients with thallium-201 myocardial redistribution are at greater risk of having later cardiac events. This finding has been confirmed in a variety of patient populations, including asymptomatic subjects with stable chest pain and patients tested after uncomplicated unstable angina or acute myocardial infarction and patients being evaluated for major noncardiac surgery. These studies used thallium-201 as the perfusion radioisotope, frequently in combination with planar myocardial imaging, to correlate myocardial and nonmyocardial scintigraphic findings with clinical variables and to enhance risk stratification.41,43,45 Some reports have determined that the presence of fixed thallium-201 myocardial perfusion defects (which reflect impaired ventricular function caused by necrotic or severely ischemic myocardium) also provides prognostic information during prolonged (>5 years) follow-up, whereas other studies with more limited follow-up have not. 8.43,46-48 Although not performed in this study, the rest-reinjection of thallium-201 in patients with fixed thallium-201 or sestamibi defects could have identified severely ischemic segments of potential prognostic importance. This issue was less critical in our stable angina population but would be relevant to a study of recent postinfarction patients or patients with chronic ischemic cardiomyopathy in which the problem of severely ischemic but viable myocardium would be more frequently encountered. The fixed MIBI perfusion defect was not independently predictive of an adverse outcome in this study.
The prognostic value of a reversible MIBI tomo-is consistent with previous reports of planar thallium-201 imaging in patients with stable chest pain.3-8 The rate of major cardiac events in our patients with reversible MIBI perfusion defects (8%, P<.005) was similar to that reported in earlier thallium-201 studies (4% to 20%). The relative risk (3.2 by univariate analysis) of a reversible MIBI defect and its association with significantly decreased event-free survival compared with patients with normal MIBI scans was also comparable to previous thallium-201 data.
Other scintigraphic findings that have been associated with increased risk in studies of planar thallium-201 imaging include the number of myocardial segments demonstrating redistribution, the severity of perfusion defects, and the presence of perfusion defects in a multivessel distribution. [3] [4] [5] [6] [7] [8] The methods used to quantify and assess the severity of perfusion defects with planar thallium-201 myocardial imaging are not directly applicable to the tomographic MIBI imaging used in the current study. Although quantification of perfusion abnormalities with MIBI myocardial tomography has been described,103349 direct comparisons between MIBI and thallium-201 quantitation programs have not been made, and MIBI SPECT quantitation is not yet widely available for clinical use with all imaging systems.
Other Prognostic Indicators
Earlier exercise thallium-201 scintigraphy studies have noted variable prognostic value of hemodynamic and ECG responses to exercise.3-8 In the current study, peak systolic blood pressure and double product were significant univariate variables, and ischemic ST segment depression was associated with increased relative risk of cardiac events. These findings are consistent with previous thallium-201 studies, confirming an association between physiological and scintigraphic correlates of myocardial ischemia.
Scintigraphic variables indirectly related to abnormal myocardial perfusion-increased lung uptake34 and transient left ventricular dilation50-also have been associated with increased cardiac risk in patients studied with exercise thallium-201 myocardial imaging. Although lung uptake can be assessed during MIBI studies, this is not routinely performed. 51 As noted in a preliminary study by Taillefer et al,52 early planar technetium-99m MIBI imaging studies acquired 5 minutes after stress can detect significantly increased lung sestamibi uptake in patients with more extensive coronary artery disease. As with thallium-201 imaging,34 the early acquisition of a planar view before subsequent tomographic imaging could enhance the detection of lung sestamibi uptake, which has been described previously as an important nonmyocardial marker of adverse outcome. Experimental studies have confirmed the association between increased lung sestamibi uptake and acute ischemic left ventricular dysfunction.53 Increased lung radiotracer uptake, a prognostic marker in two previous thallium-201 imaging studies of stable angina patients,6'34 was not available in the current MIBI tomography investigation.
Limitations of the Study
As in some earlier studies of exercise thallium-201 myocardial imaging, antianginal medications were not graphic myocardial perfusion defect in the current study 3, 5, 7 routinely withheld before stress testing.
The recent availability of validated quantitative sestamibi tomography software49 postdated the acquisition of these studies in 1991 to 1992. Blinded consensus expert qualitative scoring of MIBI myocardial perfusion defects was performed. The sensitivity (89%), specificity (64%), and positive predictive value (93%) of this qualitative assessment of sestamibi tomograms has been reported in 156 consecutive patients at our institution54 and compares favorably with previous studies of the diagnostic accuracy of other institutional sestamibi image analysis programs.10,14"16-18 Evaluation of the extent of perfusion defects was accomplished indirectly in this study by identifying MIBI scans with defects in more than one vascular distribution.2 Although the finding of MIBI perfusion defects in a multivessel distribution was not associated with significantly increased univariate risk in our patients (Table 3) , the presence of multivessel MIBI reversible perfusion defects did approach statistical significance (4 of 24=17% versus 34 of 497=7%; P<.09). This variable would presumably achieve statistical significance with longer follow-up or a larger number of patients. The use of quantitative methods for assessing the extent and severity of myocardial MIBI perfusion defects also might have enhanced the predictive value of the test data, although the detection of more subtle quantitative MIBI defects probably would not have increased the risk of adverse cardiac events or changed the negative predictive value of normal studies. Most of our patients were men; it is uncertain whether these results apply to women with stable chest pain.
Conclusions
When combined with symptom-limited exercise stress testing, myocardial tomography with MIBI provides significant independent information regarding the cardiac event-free survival of stable chest pain patients. The 1-year risk of cardiac death or myocardial infarction is significantly increased in patients having exercise-induced MIBI perfusion abnormalities (7%) and in those with reversible defects (8%). As with thallium-201 imaging, qualitatively normal MIBI perfusion studies are associated with a low (0.5%) annual risk of cardiac events. Patients having exercise-induced ST segment depression and a lower peak double product are also at significantly increased risk of later cardiac death or myocardial infarction. As such, physiological and scintigraphic evidence of stress-induced ischemic "myocardial jeopardy" appears to define the prognosis of this population independent of the perfusion radiotracer used.
